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UNTANGLING THE WATER GAS SHIFT FROM FISCHER -TROPSCH:

A GORDIAN KNOT?

Cheryl K. Refer-DePoorter
Geochemistry Group

Los Alamos National Laboratory
P.O. BOX 1663 MS D462

Los Alamos, NM 07545

ABSTRACT

The water gas shift reaction is an inkegral part of the

Fischer-Tropsch syrlthesis. Although it may appear conven-

ient to consider the water gas shift a separate reaction in

some cases, a detailed examination of the mechanism indi-

cates that the water gas shift and other synthesis gas reac-

tions share several elementary reactions. Experimental sup-

port for the relevant elementary reactions for the water gas

shift on metals, metal oxides, and in homogeneous solution

is examined, from both surface a~d complex chemistry. Mul-

tiple paths leading to a net water gas shift reaction may he

available; oxygen transfer and reaction through C-H-O inter-

mediates may take place,

INTRODUCTION

The water gas shift reaction is catalyzed by numerous

metals and oxides. Thus, in any environment f’CJnta~nifIg CO

and li20, or C02 and H2~ the wintergas shift reaction,

CO + H20 ~ C02 + H2~ (1)

or ita reversefi the water gas reaction, may occur. The

water gas shift is used to regulate H2 and CO conCentrm-

tlons in eynthesis gasp and it occurs nn part of synthesis

ga:: rmcttons such au tho Fischer-Tropnch synthesis, in
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which CO and
‘2 are starting materials, and C02 and

H20 may be products. At typical synthesis gas reaction

temperatures, the equilibrium constant for the water gas

shift is close enough

rapidly enough that all

present. The economics

to unity and the reaction proceeds

four species can be expected to be

of synthesis gas reactions usually

require that oxygen rejection be via H20 rather than

c02; therefore, control of the oxyqen-carrying product

through the water gas shift may be desirable.

Although the water gas equilibrium is sometimes concep-

tually separated from other synthesis gas reactions, it prob-

ably shares elementary reactions with them and thus cannot

be separated eitner in

is an important point;

sitiered an elementary

a theoretical or practical way. This

if the water gas shift itself is con-

step (which it cannot be in a hetero-

geneously catalyzed system), its function in a synthesis gas

r~aacki~n such as Fischer-Tropsch cannot be under~tood. Tt

is taut,ological to attribute, for example, the production: of

H20 as the oxygen-carrying ,Iroduct for an iron-catalyzed

Fischer-Tropsch system to iron’s activity in the water gas

s!lift r,+a~ti~n. The iliffer;’’)cesbetween li20- and C(I~-

producing cat.a”l.ystnare rather within som~ subset of elemen-

tary reactions occurring und(?r l~ischer-Tropsch condition to

givt~ an PffPct.Jvc?writer gas Shlftm Id(*nt.ificationof t.h~’sl’



-3-

elementary reactions will allow the design of improved

Fischer-Tropsch catalysts.

In the conventional phenomenological approach to cata-

lytic kinetics, a mechanism is found that gives orders of re-

action similar to those in the empirical rate equation. The

approach I will take in this paper is complementary to the

phenomenological approach, but it is seldom used.1

Studies of elementary reactions will be emphasized in order

to provide a basis for suggesting their participation in the

water gas shift.

Increasing availability of experimental data and of com-

puter calculational capability makes this approach more use-

ful than it has been in the past. A calculational analysis

of the mechanism built up from the elementary reactions is

not possible within the scope df this paper, bat work is in

progress on estimating (or obtaining from the literature)

rate constants for elementary reactions of interest and com-

bining them to give overall reaction rates.

‘The organization follawed in this paper will be similar

to that in my analysis of tlie Fischer-Tropsch synthesis, 1

‘rhe same notation will be used. However, becauae the water

gas shift reaction takes place with metal, metal oxide, ancl

homogeneous catalysts, those aubdiviaiona will be used.

Relevant material will be evidenc~ for ir,teimediatea or re-

actions on (1) the metals in the Catalysts used
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industrially, and ‘) other metals. Direct observation of

intermediates or reartions will be preferred to inference

from kinetics, and systems in which elementary reactions are

isclated will be preferred to systems of complex reactions.

The literature has been covered from 1960 through mid-1982,

with emphasis since 1970.

WATER GAS SHIFT REACTION ON METALS

Metal catdlysts are of particular interest for under-

standing the relation of tt,ewater gas shift reaction to the

Fischer-Tropsch synthesis, because of the reduced nature of

Lhe Fischer-Trops(.h catalysts under reaction conditions.

The evidence for the relevant elementary reactions has been

reviewed.1 Publications since that time have generally

supported those reactions. Deuterium adsorbs dissociatively

011 Rh(100);2 potassium on iron surfaces increases the ad-

sorption energy of hydrogen.3 Adsorption of hydrogen is

hindered by adsorbed electronega!:ive atoms ~ such as oxy”-

gen,4 carbon, 4,5 and nitrogen.5 Several techniques

have given more detail on the adsorption of CO on klickel,6

nlumina”supported cobalt, 7 platinum, 0 copper ~8 and

rhodium.2 The degree of dissociation of CO on rhodium is

sul)ject to differing interpretations, 9 and CO is reported

surfaces,10 but not onto dissociate on stepped nickel,

kinkwl platinum surfaces. ~] Irht, presencp of adsorbed
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potassium on platinum strengthens the adsorption of CO,12

as do sodium, potassium, and cesium on nickel, in addition

to inducing CO dissociation. 13
Conversely, an oxygen ad-

layer on Cu-Ni

These effects on

mean that the al

surface alloys weakens CO adsorption. 14

CO adsorption are generally inte~preted to

kali metals increase backbonding from the

metal to co, and electronegative elements decrease the

backbonding.

A tk,ermal resorption study of CO and H20 adsorbed on

Ru(OO1) shows that the presence of water induces a stror:giy-

bo]lnd state of CO, possibly dis~~ciated.15 C02 dissoci-

ates on alumina-supported rhodium to CO and adsorbed O, al-

though the details of this interaction, and the effect of hy-

drogen on it, are not clear .16 Coadsorption Of C02 and

‘2 ‘n alumina-supported rhodium gave adsorbed formate, as

observed ky infrared spectroscopy.17

The overall kinetics of the water gas shift reaction

have been studied on unsupported iron18 and platinum, 19

on al~lmina-supported Group 7B, 8, and lB metals, some of

which were alzo supported on silica and carbon,20 on

zeolite- and alumina-supported rhodium,21 and on zeolite-

supported ruthenium. 22

Far unsupported iron at high temperatures, an oxygen

transfer mechanism,

co2(g) @ co(g) + O(kis) (2)
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H20(g)

was deduced.18

that CO adsorbs

ciatively. (See

# H2(g) + O(ads), (3)

However, this is in conflicti with findings

readily on metals and H2 adsorbs disso-

discussions in Ref. 1, and references there-

in.) For unsupported platinum, the stoichiometric number

xnethod23 was used to interpret overall kinetics and iso--

topic labeling experiments. The proposed mechani~m19 is

given in Table I. The adsorbed inte~mediate was not

identified.

For supported metals, the situation appears to be more

complex. Because the commonly-used supports, such as alu-

mina, can adsorb water significantly and the other compo-

nent3 of the water gas shift equilibrium to lesser degrees,

the catalyst may be bifunctional, with some processes taking

place on the metal s~’rfaces, some on the support surfaces,

ana some at the interface between the metdl and the support.

A comparative study20 of the water gas shi:t reactian on

rhenium, cobalt, iron, nickel, rhodium, ruthenium, palla-

dium, iridium, osmium, platinum, copper, and gold showed ac-

tivities rilnging over three orders of magnitude for the

r~tals sup]?orted on alumina. Platinum and r!~odiurnwere

found to be most active on alumina supports, of intermediate

activity on silica, ar)tileast active on carbon. A mechanism

was propo~ed for a Lifunctional catalyst. This mechanism is

g iv~+n in ‘1’nhleTI, where M indicates a sit:> on t.ho m~~t,al,
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and MO a site on the support. However, the activity of a bi-

functional catalyst should be strongly dependent on the dis-

persion of the metal, and no such

Methane was a significant

shift reaction owwer zeolite- and

and both methane and ethane were

dependence was found.

product in the water gas

alumina-supported rhodium:

observed in small amounts

over the alumina-supported catalyst.21 The activity of al-

umina alone for the reaction was two orders of magnitude

less than for the al.umina-supported rhodium. Zeolite-

supported ruthenium also produced methane in addition to the

water gas shift reaction, but the support seems to have less

effect than for rhodium.22 The occurrence of methanation

greatly complicates the interpretation of these results.

A set of elementary reactions describing the water gas

shift reaction on most metals is given in Table 111. This

table incluaes the reactions of Table X in Ref. 1, with all

sdsorpLion-desorpt] on steps made explicit, and nucleophilic

attack of adborbed OH on adsorbed CO added, partly because

of more recent studies,17’20 and partly because of evi-

dence on the homogeneously catalyzed reaction, to be dis-

cussed later in this paper. Hydroxycarbonyl is given as the

product of nucleophilic attack, rather than formate, because

several reactions chn oe w::itten for formate formation

decomposition, none of which have significant suppork

surfac? studies. Although inclusion of format- at tl~is

and

from

time
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would be both speculative and lengthy, it may be justified

with further study.

WATER GAS SHIFT

The water

been iron and

REACTION GilOXIDES

gas shift catalysts used industrially have

chromium oxides

and copper, zinc, chromium,

temperature catalyst). Limited

(high-temperature catalyst)

and aluminum oyides (low-

informaticn is available on

the adsorption of
‘2’ H20, co, and C02 on these

oxides. However, many of the elementary steps of the water

gas shift are adsorption-related: adsorption and dissocia-

tion, or their reverse, association and resorption.

~~ ‘dSorption
At least three, and as miiny as seven types of hydrogen

have been identified as adsorbed species on zinc ox-

ide 24-32. Infrared spectroscopy has identified three spe-

cies: a heterolytically dissociated speciesl Zn-H and OH on

adjacent site., that appears to be active in hydrogena-

tion’;24-27 a low-temperature molecularly adsorbed species

that participates in
‘2-D2

exchange; 2H’29 and a spe-

cies inactive for hydrogenation that appears to be bridged,

Zn-H-Zn or @H-&~6 Temperature-programmed desorptior,

(TPL) stl’.diesand conductivity studies seem to indicate .he

SpPCiPS,30-32 butpresence of greater numbers of hydrogen
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these have not all been identified with infrared species.

At least two TPD peaks appear to represent different reac-

tion paths to resorption for the species identified in the

infrared studies. 33

Although zinc oxide is considered the

tion component in methanol and water gas

other components of the catalysts can also

TPD results34 show five different types

hydrogen activa-

shift catalysts,

adsorb hydrogen.

of hydrogen ad-

surbed m gamma-alumina between -196 and 450 C. Chromia and

chromia-silica adsorb hydrogen, alihough to a lesser extent

than zinc oxide. A very low-temperature form of ;~ydrogen ad-

sorbed on chromia appears to be molecular, analogous to the

low-temperature form on zinc oxide.35 A heteralytic dis-

sociative adsorption of hydrogen is reported at intermediate

temperatures, and transformation of the Cr3+ bonded to H

to cr2+ and OH is reported to take place at higher

temperatures. 36

The reactions producing th- various forms of hydrogen

adsorbed on oxides are likely to be

H2 + MC) # MO-H2(physisorbed) (4)

MO-H2(physisorbed) # H-MO-H (5)

H-MO-[i + 2 MO # OM-H-MO-H-OM. (6)

Other routes are possible, and diffusion on the surface may

l~e important, as indicated by the TPD results. Reactions 4-

6 account in a sjmpie way for relationships among the th~ee
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species observed by infrared spectroscopy, but the reactions

themselves have not been observed directly.

~20 Adsorption
—

The adsorption of water onto metal oxides gives hy-

droxyl groups, intermediates also formed by the adsorption

of hydrogen. In the case of water, dissociation is to a hy-

drogen chat adds to an oxide oxygen and a hydroxyl that adds

to a metal ion. Hydrogen bonding with the oxide oxygens and

hydroxyl groups also causes molecular adsorption of water.

On iron oxide, adsorption isotherms37, dielectric re-

la:ation,28 infrared spectroscopy, 39 and ultraviolet

40photoemissian spectroscopy ha,~e shown both molecularly

adsorbed and dissociated water. Water is physisorbed onto

surface hydroxyls. Physisorbed water was observed by infra-

red spectroscopy on an iron-chromium catalyst; dissociative

chemisorption was also deduced. 41

Water adsorption on zinc oxide has been studied by ad-

sorption isotherms42 and a combination of thermogravimetry

and infrared spectroscopy; 43 again, molecular adsorption

and dissociation were both observed. Water adsorbs dissocia-

tively onto oxygen-treated copper and zinc,44 although it

adsorbs poorly onto clean copper and zinc surfaces. For a

lcw-ternperature shift catalyst, both hydroxyls and undissoci-

ated water have been observed by infrared spectroscopy.45
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Dissociation increases with the

catalyst. Molecularly adsorbed

on both catalyst and support.

degree of reduction of the

water appears to be present

On alumina, as determined by microcalorimetry and infra-

r~d spectroscopy, 46 water is physisorbed, then molecularly

chemisorbed and dissociated. Silica47 and chromia48 be-

have similarly. The processes of water adsorption on silica-

alumina appear to be similar to those on silica and alu-

mina, but the combination has a greater capacity for water

adsorption than what would be extrapolated by a linear com-

bination of the two.49

The reactions of water adsorption on oxides can be

summarized :

H20 + MO # H20-MO(physisorbed) (7)

H20-MO(physisorbed) ~ H2CJ-M0 (8)

H20-MO( physisorbed) - MO-HOH (9)

H20-M0 # HO-MO-H (lo)

MO-HOH # HO-MO-H. (11)

There appear to be two kinds of water chemisorbed molec-

ularly: one in which the oxygen is bonded to the metal ion

(reaction 8), and one in which the water is hydrogen bonded

to the oxygen or hydroxyl groups of the oxide (reaction 9).
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CO Adsorption

CO adsorption on oxides has been less studied and there-

fore is not as well understood as CO adsorption on ,netals.

Infrared spectroscopy )?2sbeen the method of choice for exam-

ining Co adsorption on metal oxides; few other methods have

been used. In general, a low-frequency group of bands (1100
.

to 1800 cm-l ) is attributed tc carbonaie, bicarbonate, for-

mate, and carboxyl or hydroxycarbvnyl, and a higher-

frequency group of bands (2000 to 2250 cm-1) is attributed

to a weakly adsorbed species, in which th~ carbon is sigma-

bonded to the metal ion with nu backbonding or the inter-

action is primarily electrostatic. Carbonyl bands (1900 to

2000 cm-l ) are so]ltetimesobserved. Interpretation of some

of the bands is no’: unambiguous. Harrison and Thornton Sil

have conclud~d that th= weakly bonded CO is adsorbed, carbon

down, perpendicular to the surface, as in carbonyls, but the

bondinq is primarily electrostatic. Copper is an exception

to this, in that significant pi bonding appears t~ be pres-

ent, and this model is not completely consistent witt] other

data, suggesting the possibility of some pi hondirlg for

other metals. Infrared absorption frequencies for CO ad-

sorbed on transition-metal ions IJn silica51 apil’earto be

consistent with this mod-n and a simple corr~’lation betwe(~n

Ileat bf adsorption and CO frequlmcie~ for Severlll tjxi,des‘)2

1La.s0 argues for a simple Loncling mod(>l. ‘1’h(’c-O bond ft~r
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this type of CO adsorption is strengthened relative to its

gas-phase value.

Conductivity data suggest a partiy cationic CO adso~bed

on the Fe2+ ions of Fe203,53 although the charge of

the CO changes from partially positive to partially negative

with increasing reduction of the oxide.54 CO was adsorbed

onto a reduced iron-chromium catalyst with apparent forma-

tion of carbonates and carbonyls; 41 however, one of t~e

bands attributed to a carbonyl (2095 cm-l) is in the range

usually considered to belong to a

FeO, CO appears to be adsorbed at

ultraviolet photoelectron spectrum

ted.55 With potassium on FeO,

strongly, probably as a carbonyl.55

weakly-bound species. On

a metal ion, although the

cannot be fully interpre-

the CO is adsorbed more

Adsorption on copper oxide gives a weakly bound spe-

cie.,56#57 carbonyls,56-62 and carbonates, bicarbonates,

and formates;56’58~59 in addition, if another component,

such as ulumina, silica, or other metal. oxide~ is present,

bicarbonate and formate concentrations will be incretised. A

large ranqe of frequencies is observed for carbonyls (2000-

2200 cm-1); apparently differences in the pr~paration of

the catalyst. affect the relative amounts of copper in the

Lhree oxidation states, It has not bern possible to relate

fr~’quenc~~s U:lalmhtgllouslyt.ooxidation stat.e~ becauan of ttie

lack of ~ppr~priatc model compounds. Copper carbonyls that.
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may simulate surface compounds have been synthesized only

recently.63

Zinc oxide shows bands in the weakly bound re-

~ion61,64-66 and the carbonate reg~on64-66 r but none

that have been identified as carbonyls. Other surface diag-

r.ostics tend to confirm these identifications. 67 Angle-

resolved photoelectron spectroscopy shows the CO to be ad-

sorbed, carbon end down, on the zinc .Ollds

Both pure and supported chromia show bands indicating a

weakly adsorbed sPecie9,48169-73 a carbonyl~ 71 and car-

bonates. 69,72,73 Transient response techniques have given

results consistent with these interpretations. 74

for a copper chromite catalyst, it was concluded

bonyls formed only oilcopper. 56

Alumina is reported to form one69,75

weakly adsorbed soecies and carbonates. Kinetic

port the preseflce of two tyl)es of adsorption, but

However,

that car-

or two76

data sup-

these can-

not be correlated reudily with those identified by infrared

spectroscopy. 77 A potassium promoter on alumina resultu

in carboxylate and carbonate upon adsorption of co and

C02.’8

Adsorption of CO on silica is not. observed at tempera-

tur~s abuve 75 C.se

Magnf?sia forms a w(~akly ndsorbm] sl)pcips and carl30n-

at0:\,59~79 and tl”;~r,~is somt? (?Vid~nc(? for n Sl)(?cil?s
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containing an unpaired electron.

identified &s a carbonyl radicalao

anion.81 These species participate

This species has been

or a polymeric radical

in the disproportiona-

tion of CO, forming carbonates and carbon. A similar spe-

cies is formed on calcium and strontium oxides. 82

The probable reactions representing CO adsorption on

metal oxides, are then

CO + MO # OM-CO(physisorbed) (12)

OM-CO(physisorbed) - OM-CO (13)

co + ‘dMO ~ ‘2c03 (14)

Distinctions will not be made here between unidentate and bi-

dentate species. The formation of bicarbonates and formates

from CO must involve interactions with hydrogen or hy-!roxide

aridwill be discussed later. The st.oichiometries and struc-

tures of the polymeric radical anions formed on alkaline

earth oxides are not known, so reactions cannot be written

for their form,atior,and eventual disproportionation to car-

bonates and carbon. Therefore, these reactions will be ne-

glected at this time, but they should be considered for cata-

lysts containing khe alkaline earth metals.

C_02,Adsor&tion

Carbon dioxide initially physisorbs on metal oxide sur-

faces and then chemisorbs in three ways: with the carbon

bonded to metal to give a carboxyl group, with an ~xycjen
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bonded to metal, or with

a carbonate. Relatively

for the M-OCO species.

Fe203 adsorbs co ~

the carbon bonded to oxygen to give

little evidence exists, however,

to give a weakly adsorbed spe-

cies and possible carbonates, bicarbonates, and car-

boxyls.83’84

lar to those

Copper

formation of

Chromia and chromi~-silica give species simi-

69,85
‘n ‘e203”

oxid= adsorbs C02 weakly, 58 with possible

carbonates and carboxyls. 86 Zinc oxide forms

carbonates and a carboxyl upon C02 adsorption. 64,83,Q’I

The carboxyl group probably does not carry a full negative

charge. 67

Two weakly adsorbed species have

ica by infrared spectroscopy,ee but

contradiction to the observation of

ica ~xposed to CO2 by electron

adsorption-resorption techniques. 90

On alumina, carbonates and b

one,91 two,92 or three93 weakly

bcun observed. No carboxyl.s have

sorption isotherm study generally

identifications. 97 The species and

t:,~t.ionsare strongly influenced by

crystal structure of the alumina. 94

been identified on sil-

this observation is in

carboxyl groups on sil-

spin resonanceeg and

icarbonates6g’ 91-96 and

bonded species have

been rrjjorted. An ad-

supports the carbonnt~

their relative concen-

heat trent.n)~?ntand thp
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On magnesia, carbonates are formed,79b’92b’95 and a

weakly-hour.d species has been observed. 79b

Soluble C02 complexes of cobalt und alkali metal cat-

ions have been characterized.g8 The carbon is bonded to

the ~-obalt, and the oxy’,ens to the alkali metal cations. The

infrared C-O frequencies are in the range of those observed

for carboxyls on surfaces.

The reactions for adsorption of C02 on metal oxides

can be summarized:

C02 + MO # MO-C02( pt]ysisorbed)

MO-C02(physisorbed) # OM-C02

MO-C02( physisorbed) P* MO-C02

MO-CG2( physisorbed) # OM-OCO.

(15)

(16)

(17)

(18)

Interactions Among Adsorbed Species-—.-—-— ...——- -- _______— ——

The major interactions appe,~r to taku place among t!d-

sorbed species, rather than between adsorbed and gas-phase

species. However, information abo]t these steps is incom-

plete ri,dqometimes contradictory.

The presence of hydroxyl groups on the surface of sev-

eral of these oxides appears to promote C02 adsorpt ~ot),al-

though this e~~ect has not.been studied in detail. Water in-

t~rart~ with adsurbed C02 01) magnesi~~ to produce blcnr-

bonntP.9~ This could come about. by nuclt=ophllic attack on

thtlcarbon by hydroxyl,
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OM-OCO + OM-OH # OM-OC(0)OH + MO,

hydrcgen transfer,

MO-C02 + OM-OH ~ MO-C(0)OH + OM-0,

or oxygen insertion,

0M-C02 + OM-C)H ~ OM-OC(0)OH + MO.

In a relevant solution reaction, CU2+ has been

catalyze the nucleophilic attack of water at a

carbon.100

ccl and
‘2~’ and

on zinc and maq,~esium

observed by in(l Ired

(19)

(20)

(21)

found to

carbonyl

C02 and H2, have been cotidsorbed

oxides and the surface intermediates

spectroscopy. 101 Formate ions were

thc~ predominant specips observed. Formate,102’ 103 acetyl

and acetate,102 and carbonate and bicarbonate103 inter-

mediates hav(: been trapped durinj CO-112 ancl C02-H2 re-

act ions on col)per-zinc catalysts. Water and CO adsorbed ot~

iron-ch]omiurn catalyst 41iir) interact. to produce f:’rmat.e.

,9pos:;ihlp reaction producing ~ormat.e is

OM.-(’9+ OM-OH # OM-OC(}l)O. (22)

This is tin oxygen insertion into th~’M-t:h(~nd (or carbon mi-

gration to oxyyPn) with hydroq(”n trnnsrol . It.may be brok(’n

down ~nt”.()

OM-C() + OM-011 # OM-C((I)OII+ M() (23)

OM-U((’))11# w, -()(:()11 (24)

‘.3M-[K~)ll# OM-(X’(11)(). (25)

Ilydl”(x]l’1)(ail(litlollPO R(l$lorl)(wl[’()~will ,11:30qivr’ I“orln!ltl’:
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M-OCO + M-H # M-OC(H)O + M. (26)

Botil lattice and adsorbed oxygen may oxidize CO to

co a

oxidelo4 ,105
on copper and Fe203.53 On

chromia, adsorbed CO and oxygen react to give carbonates and

carboxyls. 106,107 The weakly bonded CO with an infrared
.

absorption at 2187 cm-L appears to be the reactive spe-

ties.106 Coadsorption of CO with oxygen on hydrated mag-

nesia produces infrared absorption in the carbonate region

and no absorption characteristic of adsorbed C0.79b This

reaction may be

OM-CO + OM-O # 0M-C02 + MO (27)

0M-C02 + Ok!-o # 0M-0C02 + MO. (28)

The interaction between adsorbed CO and hydrogen on

zinc oxide has been investigated by several groups. 108-113

The evidence is consistent with inductive strengthening of

the bonds between the ddsorbed species and the zinc oxide,

with no new chemical bonds

be more reactive than the

otherwise, this interaction

and methanol formation.

[)v~ral,lReaction Studies.— ...-.r--—.-:-,—-___..—-.—

Studies of the overall

iron, copljer, and cobal t-mol

formedol~3 These species may

individually adsorbt’d species;

J.smore relevrint to n,e:hana’cion
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summarized thel-e and will not be considered here, although

some conclu~~ions on elementary steps in the mechanism will

be reconsj.der>d in the light of the independent evidence for

the elementary reactions. The cobalt-molybdenum catalysts

will not be considered here because less information exists

for elementary reactions on those catalysts, and their sulfi-

dation may introduce significant differences into the mech-

anism of reaction.

For the iron-chromium catalysts, two mechanisms have

been proposed. The regenerative mechanism115 involves oxy-

gen transfer through adsorbed oxygen atoms; this essentially

consists of reactions 2 and 3 cr may also include ?Ile ad-

sorption of the other reactants. Most of the evidence for

this mechanism has been obtained at higher temperatures than

arr? of industrial interest for the water gas shift reaction,

and it mny be primarily of interest in metal-

lurgy.18,116,117 Mecl]anisms proceeding through a C-H-O in-

term~diate, such as the forma+.!? ion? have also beer.



-21-

water gas shift reaction led to the conclusion chat formate

is an important intermediate. 101

A combined kinetic and infrared study of the water gas

shift reaction on alurnina122 shcwed that formace i=n

exists on the working catalyst and thet some formate ions

may not participate in the overall reaction. Infrared spec-

troscopy suggests that carbonate is xot an important inter-

mediate. Little if any carboxyl was observed.

Althcugh the evidence for most of the st-:ps is p(}or in

terms of observed intermediates or elementary reactions, a

mechanism for the water gas shift on oxide catalysts js

summarized in Table IV,

HOMOGENEOUS WATER GAS SHIFT REACTION

It is not yet clear to wl]~t degree reactions observed

in homogeneous metal complexes csn be ass~lmed to occut in

h,~terogeneous systems.

qils shift reaction have

systems, and some

However, mechanisms for the water

been worked out fur several hor,logen-

of the elementary steps appear to be

ar to those in heterogeneous systems.

Mononuclear and polynuclear carbonyls cf several transi-

metals catalyze the waker gas shift, in acidic solu-

Cat(ilysis by rhodium, 123 ruthenium, 124 and palla-

25 complexes has been observed, Rn{l in basic solu-

by iron,126-130 nickel ,131
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rhodium,134-136 osrnium;137

iridium,128~137 platinum, 138,139 and chromium,

molybdenum, and tungsten complexes. 126,132

Notation can obscure the similarities between the homo-

geneous and heterogeneous reactions. Therefore, in this dis-

cussion reactions wil’ be written in the notation used for

the metal surfaces ids that do not participate in the

reaction will be oml. :d. Table V summarizes the elementary

reactions suggested for the i~omogeneouswater gas shift reac-

tion. Reactions

included.

In proposing

water gas shift

metal complexes.

for both the acidic and basic media are

a general mechanlsin for the homogeneous

reaction, I will not consider charges on

Many of the reactions take place with both

neutral a]d charged complexes (Table V), and this simplifica-

tion makes clearer the relationship to surf:lce r~,~cti~.~nv.

However, the charges will affect the energetic of the reac-

tior,s and must be taken into account in calculations of spe-

cific systems.

Nucl(?opllilicattack of hydroxide or water at a carbonyl

carl)on has been well documented: 140

M-CO + OH @ M-C(0)OH (29)

M-CC)+ H20 # H-M-C(U)GH. (30)

Ttlt’ metal locarboxyl ic acids call hr(’ak down to give

L’02:~4’”
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M-C(0)OH - M-H + C02. (31)

co ~ can also react with metal complexes to give

formates :142

C02 + M-H & M-OC(H)O. (32)

The equilibrium

CO + OH- + Hco2- (33)

also gives format~, which can complex with a metal:

M + HC02- # M-OC(H)O-. (34)

Molybdenum hexacarbonyl reacts with formate ion to give a

formatomolybdat~ complex and a carboylate complex.143

PhoLochemical enhancement of formate decomposition by group

6B metal hexacarbonyls144 appears to support dissociation

of CO from a carbonyl, followed by formate complexation and

decomposition, as steps in the reaction. Both monodentate

formate145 and metallocarboxylic

mediates, yielding C02 and H2

the metallocarboxylic acid pathway

favorable, at least in the case of

acids141 may be lnter-

upon decomposition, but

may be energetically more

iron.145

Dissociation of H20 and formation of H2,

H20 + M # H-M-OH

H-M-H # M + H2,

are known . Addition of water to rhodium146
..-.

(35)

(36)

and palla-

diumlq[ complexes followed by elimination of hydrogen has

been observed. Another relevant reaction is the photo-

chemi;al substitution of water for CO in Re2(Co)lo; the
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substitution proceeds through a somewhat indirect mechanism,

however, with photochemical homolysis of the Re-Re bond as

the first step.148 Under further irradiation, the water

ligand dissociates to give HRe(CO)5 and

Re4(CO)12(OH)4.

The addition of CO to an unsaturated metal complex or

its substitution for

CO+M~

H-M-H + CO

hydrogen are both likely:

M-CO (37)

# M-CO + H. (38)
&

M-II + CO # M-CO + H. (:>’

The water gPs shift reaction has also been photocatalyzed

with a ruthenium complex, apparently because of photo-

initiation by CO dissociation from the complex.149

The bicarbonate equilibrium should also be included:

C02 + OH- # HC03-. (40)

C02 can be disproportionated to CO and carbonate by transi-

tion metal dianions, 150 in a reaction that may he a part

of some of the homogeneously catalyzed water gas shift and

sl”ggestssome aspects of the heterogeneous reaction.

A zeolite catalyst prepared from ruthenium hexamine ap-

pears to operate through a similar mechanism. Ruthenium hex-

amine exchanged into zeolites shows acti!’ity for the water

gas shift from 90 C to 230 C.lS1 Intermediates identified

by infrared spectroscopy suqgest a mpchani~m involving
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nucleophilic attack by water on CO coordinated to ruthenium

to giq~ea rutheniumcarboxy lic acid.

COMPARISON OF MECHANISMS FOR DIFFERENT CONDITIONS

It should be emphasized fcr the following discussions

that the evidence for most of the elementary reactions is in-

complete. The reactions on metal surfaces, particularly

co~ and H20 association-dissociation, are the best sup-

ported. Many fewer studies are available for adsorption on

oxides, owing to the difficulties of preparing well-

characterized oxide surfaces. The adsorption-resorption re-

actions are fairly well established, but questions remain as

to the nature of the species formed by CG and C02 ad-

sorption on oxides. The steps in which the intermediate is

formed and decomposed are the least supported for all mech-

anisms. It is not clear to what degree formate, hydroxy-

carboxyl, or oxygen transfer contribute to the overall reac-

tion, although most of the evidence points to the partici-

pation of an H-C-O intermediate for the lower-temperature

processes.

Considerable similarity exists among the mechanisrr,spro-

posed here and previously for the water ga~ shift on metals,

metal oxides, and in homogeneous solu’cions. Adsorption and

resorption steps on the surfaces are similar, with .he excep-

tion of physisorption, to the @association reactions in
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solutionm In all three mechanisms f ‘2 dissociates to

atoms, and H20 dissociates to hydrogen and hydroxyl.

Although the reactions may be similar for CO and CC2

adsorption, the adsorbed species on metals and oxides may

have significantly differe~t reactivities from each other

and from complexed CO and CC)2 in solution. For CO m

metals, backbonding weakens the C-O bond; for most oxides,

backbonding is absent or almost so, and the C-O bond is

strengthened relative to the gas-phase molecule. However,

products of apparent nucleophilic attack on carbon are

observed in all media. CO oxidation by adsorbed oxygen

atoms on metals is the reverse G; W2 dissociation. This

reaction als~ ap~)ears likely on oxides, but less so in

solution. However, it has been observed in one homogeneous

Systemw

Reactiols forming a C-II-C)intermediate

served direcLly on surfaces. Formic acid

have not been ob-

or a formate ion
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reaction with oxygen and hydrogen atoms. None of these

reactions have been observed. Formation from C02 would in-

volve only a hydrogen transfer (reaction 26). Again, this

has

ume

not been observed in heterogeneous ~ystems. A large vcl-

af literature, which cannot be reviewed within the scope

of this paper, deals with the decomposition of formic acid

on metal and metal oxide surfaces. A stirvey of some of the

mare recent of this literature shows great differences, ap-

parently depending on the method of observation as well as

the substrate. For example, most static methods show that

the hydroxyl hydrogen is abstracted by metals and oxides to

give surface fol,nates,
173 but a dynamic study shows that a

hydroxycarbonyl radical is formed by the abstraction of the

carbon-bonded hydrogen by the metal surface and that the

radical can detach from the surface.154 Formation of an

155 and an an-anhydride intermediate h~s been proposed,

hydride has been observed by infrared reflectance spec-

troscopy.156 However, the lack of such an observation in

t:hc?
‘2-’’2coc~c~2°2°systems suggests that t.hi:~1s Rn un-

l~kf’ly pathway for the water gas sh~ft. reaction. A bet~-

hydrid~l eliminat.ion has h{’+n suggested as the decomposition

rout(’ from u formidorhodj~rn complex t.o C02 and thf’ hydridu

157ct)ml)loxo Formjc ncj,illIas tilso b~t’n uugq~st.wl an an in-

tfirmedi,lt(~in the water qns shift on t,l~o,asis of it~ ovPr-

all kir.~’ti[:s of decom~)(]~lt.ton011 n loti-tolnl)(~l.nlur,~ r311j ft
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catalystm 120 However, supporting evidence in the form of

observed elementary rt~actionswould be highly desirable.

,,.,’ :’;~ierset of elementary reactions (reactions 29-31)

can ]~ 8-8(;-..?ten for the CO-hydroxycarbonyl-C02 transfor-

mati(:-,, “,1-~t few hydroxycarbonyl or carboxyl intermediates

have l~een observed on surfaces. The observation that iron

hydroxycarbonyl complexes decompose more rapidly than for-

mido complexes 145 suggests that they may be the kin-

etically more important intermediates; their short lifetimes

and consl~quently low steady-state concentrations may prevent

t.h~ir obsl~rvation. On thl? other hand, they may be too un-

stal)lo t.nform on surfaces.

Som(’ Or tht’ ]lrOdUCtS al-Ji”)ear not to [)1.ay a part in the

watt’r gas shift. reaction except. to remove a small. amount of

miltl’rial from thl’ systw. Carhonnt.es and th~ inactivr’ form

Uf hy(lro(~f~n01) oxitl(.”is;Irl:}in this cat. (vjory.

‘1’111;WA’I’I;I{L:A::SllllI’TA141)‘1’llltFl!;Cl{l”:l<-’I’ltoIJSCllSYN’I’llltSI,S

‘1’t)t~kilt,11.(j&-l.$!Htllft r~ac’tlm ls fliml)ll?rthfln thfl

l“’i~(=))or-’l’.uI):I(:I)synt-.l)osi:+.It common 1y achieve~ t?qllI-

I11)1- ;1111), w!lt~rl~;l!+ I~is(:lll*r-’~rul)H(”l)if+ at 11”’h!ll,parl 1!’ em-

tlt)lIrvl I}y kln(’t icH, It (’nn I)r’ rl$])rf~qontmlI)y n (’(’)llv I’ll -
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probability that the watsr gas shift can be represented by a

smaller set of elementary reactions than Fischer-Tropsch. A

set of elementary reactions has been proposed for the mech-

anism of the Fischer-Tropsch synthesis, 1 and sets of ele-

mentary reactions have Lnen proposed here for the mechanisms

of the water gas shift reaction on metals, on oxides, and in

homogeneous solu:”ion. In this section, the relationships be-

tween these two groups of elementary reactions will be

examined.

Publications since the proposal of the mechanism for

the Fischer-Tropsch synthesis give no reason to alter that

sell of elementary reactions. Adsorption of H2 and CO on

transition metals, both pure and modified with promoters and

poisons, has been reviewed,L58 A statistical analysis to

C’valUnt(? correlations l>etween }12 and CO dissociation and

oth(?r propt?rtics of metals has also been carried uut,159
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Although attempts to observe formyl intermediates on

rhodium surfaces failed,160 increasing numbers of formyl

metal complexes are being synthesized. 161 The protonation

route for hydrogenation has been further supported. 162

Several methods of C-C bond formation have been demonstrated

in complexes. 163 The reverse of C-H bond formation, the

oxidative addition of hydrocarbons to iridium complexes, has

been demonstrated.164 Gas-phase studies of interactions

between m~tal atoms and hydrocarbons 165 should give infor-

mation such as bond energies that c~n he used in estimating

rate constants for these reactions, ,.i~ are showing some dif-

f(irenul?sbr?t.we~~nt.h~~int.r?ractionsof diff(~rl?nl”mpt,ll ,Itnms

with hydrocarbons. ‘1’h(’acidity of m~’t;.11hydride% 166 is nfl-

othcr set. of information that will be usPful in twnl.untlng

nl(’r.”hnnisms, IJnrtfcularly in solution, an~l]m.s.si.hlyin r=xlr/llJ-

01ct.i011 [“() surf~c;vs, Ilenrlion,; 0!’ intl’rl’~ltarl~ 1)(’in(,l

~tudil~d in 167early t_rnnsit,innmmt,II1 colnl}l nxO~M 1111(”1 n(’ -

tinirl(~ (’oml)l IIxt.)H, 16H 1)11t t’tlfi!lf~ rr’n{.t.it~ll}laro Ht Oi(:])io-

m(~l 1“j ~ ?’il!’l)tl~’ tt)nll (Vll”rllyt 1(!, l{f~ll~villltol”ll,lllomI*t”,1111(”?“l~{l(”-

tinn:; Il,lvf*t)(-r~ll rr~vi~w~l~].
lfil)

S(*VIJI”I’11kil’lf~tit’ nlilfllns:!lil)llot.111)1’])nrtI(”ll)nt1011 of

(’1-il’l)ol) at 0111!4 ,11111 ])l’lt”t ifllly Ilylll”otjlll),qlll(l,’,ll’1){)1]~!l {lltt~l’-

Illlhli.ltl~!l. 170 l“r()111 l)l)!ll!rvnt It\, ):l ~~r thifl tYIllt,It hfl!ll)l’1 $11

:111111~~’:lf1’(! tl)i~l I)ylll’()(11’ll()ly:ll:: I-ill] IIr$ l’I’(llnl’,lIUl a:: ,? l“I’vf~l” F;I*

I“i:{(’ill’l -’1’1 O1l!:(’1) : ylllhrvll:l .”” OXi Ilmnl il}l~ 111)(1 l’,lll)lll’l ’4nt 11)1)
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of iron have been further studied, and it appears that some

iron oxi~e may be present under synthesis condition s.172

Changes in kinetic regimes were observed in methanation over

nickel foils173 and in the production of hydrocarbons and

oxygenates over LaRh03,174 Where Schulz-Flory analysis

has been applied to product distributions, both consis-

~ent175,176
and ir1consi~tent170a1173,176,177 distri-

butions have been observed. Product distributions have been

modeled for situations other than the simple Flory model,

som~~of which are more selective, 175,1711

0[ closer relevance to the water gas shift are the nu-

cl~ollhilic activation of CC) to reduction by hydrogen, 179

Llllal(qm.l!l LCI tht? nucli?ophilic nttack by wat(~r or hydroxid~’
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products. Thus, the water gas shift can help or hindt:r the

Fischer-Tropsch synthesis by altering the concentration of

reactants and products.

mon,

must

Since the two processes have these

adsorption And resorption reactions

the dissociation reactions of H,

components in com-

must be shared~ as

?I HaO, and co,.
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Kblbel-5nglehardt syntheuis and C02 methanation. The dif-

ferences here are not in the elementary reactions, but in

the relative concentrations of reactants and intermediates,

which may give rise to different paths by effectively re-

ducing the rate of one path to zero, while making signifi-

cant another path that is inactive in the water gas shift or

Fischer-Tropsch.

The overlap, hoever~ of the association-dissociation

and adsorption--desorption reactions between the water gas

shift and Fischer-Tropc,-h means that it is not useful to sep-

arat.~ these two processes conceptually. The water gas

shift, although a simpler set. of element-ary r~ial:tionsthan

Fischer-Tropsch, cannot itself be regarded as an elementary

re~ction. An attempt at a mathematical separation of the

kin(’tir’; of tll[’watl:rgas shift from tht?kinetics of Fischer-

-Tropscl) will give m~?aningl~~s~results hecaus~ the sets of

elementary reaction:; are noi. orthogonal. Thus , the short-

hand of attributing various effects observed in the Fischer-

‘1’rol]~chsyntht?:.isto the wat,[?rgns shift sl]ould be avoided,

ant] nn Htt.(mljlshould b~ mndt’ to at.t,ribut.ethe effects to a

l),qrticular l’l~m~’nttlryr~’act.ion or H(*t. of elem~ntary

rt’ilut’,ions ,



-34-

METHANOL SYNTHE!31S

Although the scope of this paper does not permit a de-

tailed discussion of methanol synthesis, that reaction must

be closely related to the water gas shift over the low-tem-

perature catalyst, since the

ideal situation would be to be

mentary reactions encompassing

the water gas shift. However,

synt.hes,is have not been

catalysts are similar. An

able to write a list of ele-

both meti~anol synthesis and

the intermediates in methanol

unambiguously identified. 184

Clearly tht’ largest difference between the two processes is

in the oxidizing power of the reactants: synkhesis gas for

m,:~t]lan(~lis more red(lcing than Pi.ther side of the watl~r gas

equil.ibt-ium. However, smal1 amo~lnts OF C(I2 promote

mct.hal]olsynthesis. Again, as in the Fjscher-Tropsch syn-

tllpsi!+, acl~(>rl~l-inl~.-d(’sorl)tion of ‘2’ Ii# , co, &nd c(”)~

and ~is:+:>t:iat.if)n-di.ssociation reautions of H2, ‘2°” and

C(.)2nr~+ ])robably common to bOth piocessesm The CO that is

hy:li-[](,ll~natl-’(lto mfskhanol.remains associat(?d, as is likely

1.11 I“OL1l,JI1 OXyfJ(lll ( forlnintl~-m[’tl)~>xyIoutr’) or ttlI01.1!1}1carl)on

(f“~)rmyl-hyriroxym(’1Ilyl r(mtt~)I or whl’f-tll~l’hot’h () r t.l)[~!; ll
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SUMMARY AND OUTLOOK

The water gas shift shares a significant number of ele-

mentary reactions with the Fischer-Tropsch synthesis, and

probably with the Kolbel-Engelhardt synthesis, C02 methan-

ation, and methanol synthesis. Oxygen transfer from C02

or H20 to the catalyst and then to H2 or CC may be the

predominant route at higher temperatures in heterogeneous

systems and appears to be possible for hornogeneoun systems.

However, a C-H-O intermediate also partic:>ates at lower tem-

per~tures, particularly in homogeneous syct.ems. This inter-

mediate may be formate or hydroxycarbonyl, but little infor-

mation now exists that can clarify whethpr one or both are

im[)ortant.

More information i~ needed about the interactions of

IIXI H20, co, and C02 on well-charact-elized oxide scr-

faces. Studies OF formic acid as a model, compound may nlso

be useful, but caution is necessary in their interpretation.

Thti relationship of homogeneous rcac: icir19 to heteroqvneoub

Catlllysls is still not clenr, but th(~~>arallels in t:hewa:,er

q,-Is shift. apl)~ar to be signlficnnt, Again, mor~ st.u(li~~sof

tll{’int.ermedi.ntr’son surfaces will. help to elucldat(’ thi,:;

r~-’lllt.innslli.[).



-36-

ACKNOWLEDGEMENTS

1 am grateful to R. G. Herman for suggesting the topic

of this paper and to G. L. DePoorter for helpful discus-

sions. This work was supported by the United States l)epart-

ment of Energy.



-37-

REFERENCES

1.

2.

3.

4.

5.

6.

7.

8.

9.

LO.

11,

C. K. Rofer-DePoorter, Chem. Rev. Q, 447-474 (1981).

Y. fi~m, H. C. Peebles, and J. M. White, Surf. Sci.

114, 363-380 (1982).

G. Ertl, S. B. Lee, and M. Weiss, Surf. Sci. 111,

L711-L715 (1981).

E. I. Ko and R. J. Madix, Surf. Sci. 109, 221-238

(1981).

M. Kiskinova and 1). W. Goodman, Surf. Sci. 109, L555-

L559 (1981).

a) F. P. Netzer and T, E. Madeyr J. Chem. Phys. ~,

710-715 (1982), b) K. E. Foley and N. Winograd, Surf.

Scl. 116, 1-12 (1982).

R. M. Kroeker and J. Pacansky, J. Chem. Phys. 76,—

3291-3294 (1982).

M. D. Baker, N. D. S. Canning, and M. A. Chesters,

Surf. Sci. 111, 452-460 (1981).---

h’. Solymosi and A. Erdtihelyi, Suri. Sci. 110, L630-

1J633 (1981).

X. Muryama, 1. Kojima, E. Miyazaki, and T. Yasumori,

Surf. Scim 118, L281-L285 (1982)..—.

M. R. McClellan, J. L. Gland, and F. R. McFe(~l,ey,Surf.

Sci. 112, 63-77 (1981).___



-38-

12.

13.

14.

15.

16.

17.

18.

19.

2(J.

21.

E. L. Garfunkel, J. E. Crowell, and G. A. Somor]ai, J.

Phys. Chem. M, 310-313 (1982).

M. P. Kiskinova, Surf. Sci. , 584-594 (1981).

C. M. A. M. Mesters, A. F. H. Wielers, O. L. J.

Gijzeman, J. W. Geus, and G. A. Bootsma, Surf. Sci.

115, 237-246 (1982).

H.-I. Lee, B. E. Keel, W. M. Daniel, and J. M. White,

J. Catal. U, 192-195 (1982).

a) T. Iizuka and Y. Tanaka, J. Catal, 70, 449-450—

(1981). b) F. Solymosi and A, Erdohelyi, J. Catal.

~, 451-452 (1981) and references therein.

F. Solymosi, A. Erdohelyi, and T. B~ns5gi, ,1. Catal.

~8 , 371-382 (1981).

P. Miinster and H. .1. Grabke, Arch. Eisenhiittenwes.

51, 319-324 (1980).—.—

a) M. Masuda, J. Res. Inst. Catal. , Hokkaido [Jnjv.

14, 85-92 (1966). b) M. Masuda—-. and K. Miyahara,

Bull. Chem. Sot. 7Ipn. 47, 1058-1063 (1974). C) M..—

Masuda, t]. Res . Inst. Uatal., Hokkaido Univ. 24, 8.3-

101 (1977).

D. c. Grenoble, M, M. Estadt, and D. F. 01.lis, (J.

uat.[il.67, 90-102 (1981).—.

a ) M. Niwn, T. Iizukn, and J. H. J,unsford, (J. Ch-m.

SOC. Ch(’m. Commul;. 1979, 684-68’;. b) M. Niw:l ,in(l.1.— ---

Il.Lunsford, (J.Catill. 75, 302-31”1 (1.YH2).



-39-

?2.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

B. L. Gustafson

404 (1982).

a) J. Horiuti

(1967). b) J.

5-30 (1973J.

R. P. Eischens,

and J. H. Lunsford, J. Catal. 7Q~ 393-

and T. Nakamura, Adv. Catal. ~, 1-74

Horiuti, Ann. N. Y. Acad. SCi.

W. A. Pliskin, and M. J. D. Low, J.

Catal. ~, 190-191 (1962).

A. L. Dent and R. J. Kokes, J. Phys. Chem. 1:, 3772-

3780 (1969).

F, Boccuzzi, L’. Borello, A. Zecchlina, A. Bossl, and M.

Camia, J. Catal.. 51, 150-159 (1978).—

G. L. Griffin and J. T. Yates, Jr., J. Chem. Phys.

~, 3744-3750 (1982).

a) C. C. Chang and R. J. Kokes, J. Am. Chem. Sot.

93, 7107-7109 (1971). b) C. C.-. Chang, L. T. Dixon,

and R. J. Kokes, J. Phys. Chem. 77, 2634-2640 (1973)-.—

w. c. Conner, Jr., and R. J. Kokes, J. Catal. ~1 199-

210 (1975).

A. Harafiski and J. Galuzka, J. Catal. 44, 259-270.—

(1976).

A. Barahski and R. J. Cvetanovi&, J. Phys. Chem.

75, 2C8-220 (1971).——

l’). Narayana, V. S. Subrahmanyam, J. Lal, M. M. Alit and

v. Kestnvulu,J. Phys. Chem. 74, 779-782 !1970).—..



-40-

33.

34.

35.

36.

37.

38.

39.

40,

41.

G. L. Griffin and J. T. yates, Jr. , J. Catal. 73, 396-—

405 (1982).

Yu. P. Borisevich, Yu. V. Fomichev, and M. E. Levinter,

Zh. Fiz. Khim. ~, 2149-2151 (1981); Russ. J. Phys.

Chem. >, 1222-1223 (1981).

R. L. Burwell, Jr., and K. S. St@c, J. Coil. Interface

Sci, ~, 54-64 (1977).

P. P. M. M. Wittgen, C. Groeneveld, J. H. G. J.

Janssens, M. L. J. A. Wet.zels, and G. C. A. Schuit~ J.

Catal. ~, 168-175 (1979).

T. Morimoto, Y. Yokota, and M. Nagao, II.Colloid Int~r-

face Sci. Q, 188-191 (1978).

a) E. McCafferty, V. lJravdic, and A. C. Zet.tlemoyr”r,

Trans. Faraday Sot. ~, 1720-1731 (1970). b) U.

McCafierty and A. C. Zet.tlemoy@r, Discuss. Faraday SOC.

f&, 239-254 (.L971).

a) G. Blyholder and E. A. Richardson, J. Phys. Cilem.

b6, 2597-2602 (1962). b) c. H. Rmchest.er and S. A.—

‘l’ophamtJ. Chern. Ser., Faraday Trians. 1 751 1073-1.088—.

(1’378).

D. Il. Dwy(!l-,s. 1~. Kel(’m(?r, and A. Kal[lor, II. ~):1’111.

76 1832-18.37 (1982).Phys. __,

N. A. l{ubI?n[~,A. A. Ilavydov, A. V. Kravts(>v, N. V.

Usl]c’vb,anti S. 1. Smol ‘yiini.nclv,Kin[?t. Kn(,Il, ~“7, 4(i’i-

471 (1’1?6); lfII(.Jl,t,t-iil):;l,17, 400-40’; (l~l”lb).



-41-

42.

43.

44.

45.

46.

4“1.

a) M. Nagao, J. Phys. Chem. ~, 3822-3828 (1971).

b) T. Morimoto and M. Nagao, J. Phys. Chem. ~, 1116-

1120 (1974).

G. Mattmann, H. R. Oswald, and F. Schweizer, Helv.

Chim. Act. ~, 1249-1266 (1972).

a) C. T. Au, J. Breza, and M. W. Roberts, Chem. lhys.

Lett. 66, 340-343 (1979). b) C. T. Au and M. W.-.

Roberts, Chem. Phys. Lett. ~, 472-474 (1980). C)

C. T. Au, M. W. Roberts, and A. R. Zhu, Surf. Sci.

115, Ll17-1,12~ (1982).-—.

G. 1. Salomatint V. S. Sobolevskii, V. V. Grigor’ev, L.

1. Laf’>r, and V. 1.Y.ak(+rson,Izv. Akad. Nauk SSS1{,Ser.

Khim. 1979, 2437-2441; Eng1,. transl . 1979 2254-.— --—

225I3.

a) h;.130rt}llo, G. llr>llaGatla, 13.Fuhin.i,C. Movt~~rra,

anrl G. Venlurel,lo, {J. Cat.al. 35, 1-10 (1974). b) G.-.

l)e]la Gatt,a, B. Fuhini, and G. Venturul lo, Conf. Intl.

Thermodyn, (’}lim., [c. R.1, 4th 1.975, 7, 72-79. c) B.------

Pul)ini, (l. l)t’llaGatt:a, anti G. Vent.ur(?llorJ. colloid

lntr’rfacr’Sui. 64, 470-479 (1.978). d) Il. Fubini, K.—.

Giam~’110, and G. I)ell.aGatt.n, ,1. Chim. Phy!i, PtlyH.-

Ctljm. I?iol . ~5, 578-582 (1978).

n) N. P. Hischons and W. A. Pliskfn, Adv. Cmt,ml, 10,—.

1-56 []Yjtl). b) A. V. KiHcllr~viil)(lV. 1. l,y(4111,[JEII).

Khim. ‘Il. 351-3tJ4 (19r12)! 1{1)9s.(:t)fm).I(!*V. 31 . 17’) -—.- .- . . =----- -.



-42-

40.

49.

50.

$1,

52,

‘)!.

195 (1962). C) K. Klier, J. H. Shen, and A. C. Zettle-

moyer, J. Phys. Chem. 77, 1458-1465 (1973). d) B.—

A. Morrow, I. A. Cody, and L. S. M. Lee, J. Phys. Chem.

~, 2761-2767 (1976). e) Nonaka and E. Ishizaki, J.

Colloid Interface Sci. 62, 381-388 (1977). f) A. J.—

van Roosmalen and J. C. Mel, J. Phys. Chem. 83, 2485-

2498 (1979). g) P. A. Sermon, J. Chem. Sot. Faraday

Trans. 1, 76, 885-888 (1980).—

A. Zecchina, S. Coluccia, E. Guglielminotti, and G.

Ghic)t.ti,,J.Phys, Chem, 75, 2774-2783 (1971).

a) T. Morimoto, M. Nagao, and (1. Imai, Bull. Chem.

s0(”. ,lIln. 44, 1282-1213fl(1971). b) ‘l’.Morimotn, M.—..

lmil i, !3(111 . Chf:’m.Sot?. Il])n.47, 29~4-—-

son nn:l E. W. Thornt,on, ,7. Chf:w. SO(:.

1 74, 270.1-271] (1978). h) l’. G.--

w. ‘I’l)ul’1ll”. oll , *J . Ch(w, SO(;, 1“~1?i(lily



-43-

54.

55.

56.

57.

58.

59m

60.

61.

62.

6,’.

64.

G. M. Kozub, I. G. Voroshilov, L. M. Roev, and M. T.

Rusov, Kinet. Katal. ~, 1040-1043 (1976).

S. R. Kelemen, A. Kaldor, and D. J. Dwyer, Surf. Sci.

121, 45-60 (1982).

w. Hertl and R. J. Farrauto, J. Catal. U, 352-360

(1973).

G. I. Salomatin, 1.. I. Lafer, and V. I. Yakerson, Izv.

Akad . Nauk SSSR, Ser. Khim. 1979, 1445-1449; Engl.

transl . 1979, 1349-1352.—.

J. w. London and A. T. Bell, J. Catal. ~, 32-40

(1973).

A. A. Davyclov, N. A. Rub@n(’, and A, A. Bl]dneva, Kinet.

Katal. 19, 969-978 (1978); llngl. transl. lQ, 7’16-.—

784 (1979).

l{, A. Garflner and R. H. Pet.rucc:i, ,7. Am. Chcm. Sot.

82, 5051-50S3 (1960).—-

11. A. Scanor and C. H. Ambc?rg, J. Chcm. Phys. 42,——

2967-2970 (1965).

K. }’. (If”,lonq, ,1, W, Geus, ant],1. ,Joziass{?,iJ.(’atal.

6~, 4,17-441(1980).

M. ]jnslu,nli,Co Floriani, G. Vr?nkuril A. Ga(’t,I I){-

Mi]l)l-]-t~(lot t~ , an(l A, Ch]l’si-Villn, :J. Am. Ch{’rn.Sc)c!.

1.04,4092-4099 (1982).

!1. Il. ‘1’nylornnd C. 11, AmlJ{’r~l,c:~t). ht. ~l~vm, 19, 5J’)-. .

7!’) (lll(i l).



-44-

65.

66,

67.

68.

69.

70,

71 .

72.

C. H. Amberg and D. A, Seanor, Proc. 3rd Intern. Congr.

Catalysis 1965, 450-462.

I. G. Voroshilov, L. M. Roev, G. M. Kozub, N. K. Lunev,

N. A. Pavlovskii, and M. T. Rusov, Teor. Eksp. Khim.

~, 256-26, (1975); Engl . transl. 11, 212-215—

(1975).

w. Hotan, W. G5pel, and R. Haul, Surf. Sci. U, 162-

180 (1979).

a) M. J. Sayers, M. R. McClellan, R. R. Gay, Il. 1,

Solomon, and F. R. McI~eely, Chc?m, Phys. Lett. 75, 575-—

578 (1980). b) Il.R. Gay, M. Il.Nodino, V. E. Henrich,

l], IIn %piqi~r, find It. [. solnmnn, iJ. Am. Chem. SW,

,~~2, 6752-6761 (1980). c) M. R. MWII:Illml, ‘i.

‘1’ri:nnry,N. l). Shinn, M. J, SnyI~rs, K, l),1)’Amit?(],E.

In sol1)111011, all(l l“. N. MrlI’t*(’ly, tJ. Cht!m. Phys . ,74,

472(3-47]1 (l.~fill).

l,. Il. Ilittlt!/11)11 (:tl, 11, Am))t’rq, (.’illl. Il. Ct)(’in . 40,

1997-2006 (lf46k).

l). l). Elf’y, c. Il. 1{()[:1)1’!lt1’1”,nn(l M. S. ,S~:tlrrf

cnt”nl. 2!),20-30 (1117”1).

1’:,II(JI’IsIII), A. ~fv!l!lllt]{i, (’. MIJI.11*1r,a, atl(lG. H

II,lJhy!;. (’IIIW), 7.{,12fio-12”1 (l’lo’~)m



-45-

73.

74.

75.

76.

77.

78.

79,

00.

81.

H>.

A. Clark, J. N. Finch, and B, H. Ashe, Proc. Int.

Congr. Catal., 3rd 1964 (Pub. 1965), 1010-1020.

M. Kobayashi, T. Date, and H. Kobayashi, Bull. Chem.

Sot. Jpn. 49, 3014-3017 (1976).

N. l).Parkyns, J. Chem. Sot. (A) 1967, 1910-1913.

G. Della Gatta, B. Fubini, G. Ghiotti, and C. Morterra,

J. Catal. Q, 90-”98 (19/’6).

A. Stanislaust M. J, B. Evans, and R. F. Mann, J. Phys.

Chem. 76, 2349-2352 (1972).-.

B. w. Krupay and Y. Amenomiya, ,1. Catal. 67, 362-370—

(1981).

II) II, K?51bel, M. Ral(’k, anti l]. :Jfru, Z. Naturforsrh.

A 25, 670-6?5 (1970). b) N. St. C. Smart., 1’. L.---

Slnqor, l,, II. I,itt,l.t=,and N. G. Grpf?ninr, J. Phys.

(:1)1’111,77, lol~)-1(’)z-j(197J), r) 1{, \J. llrl?~lk:il)+’r(~,M,-,.

A. A1-l)u(~;li,Fl~~’t-,AuHt. ;1.Ch~m. ‘(l,241-9 (1977).L-.

n) SJ. Il. I,un!+rol”(lnntl ,J. P, Jayllt’,II. Chwn, Phyu.

44, 14q~-~40G (1960). h) v. Ii. Hhuhin, V. A.

:+hvl~l~,K. l)yr~’k,K. Mocnlt., ,111(1 V. Il.Knznn~~ky, 1{(’n(.l.

K~I]c~t.(’ntnl. l,ntt,14, 219-246 (19R()),

I)m (’or(lj$l(!hi#, v, ltlcl(winn, nn(lM, ovt!l~liizzi, ;J,~lllt*m,

sol’.I“nrlll’t,ly‘I’rntl l+, 1 26, 114’1-1177 (19RO),

s. (’olll(’l’lfl,K. (;ar’roll!l, It. (;\i(Ilit~lmihotti, JIII(l A,

x{h’[’l)llln,,1. (’t]r~lll,sot”. I$ril”m(lny‘1’rrll)!l.1 77, lot)l-

1(1’/1 (1’)01).



-46-

03.

84.

85.

86.

87.

88.

~(),

90.

q],

9;!,

K. Atherton, G. Newbold, and J. A. Hockey, Discuss.

Faraday Sot. ~, .33-43 (1971).

G. Busca and V. Lorenzelli, Mat. Chem. ~, 213-224

(1980).

a) A. Zecchina, C. Morterra, G. Ghiotti, and E.

Borello, J. l?hys. Chem. 7J, 1292-12Q5 (1969). b) A.

Zecchina, S. Coluccia, E. Guglielminotti, and G.

Ghiotti, J. Phys. Chem. 75, 2790-2798 (1971).—

V. G. Amerikov and L. A. Kasatkina, Kinet. Katal. 12,-.

165-170 (1971); lZngl.transl. ~, 137-141 (1971).

s. Matsushit~ and T. Nakata, ,7. Chem. Phys. ~, 665-

66’1(19f:?).

A. lJt~l)t)i+ll(l C . (). 13(?llnl’k.t , J . Catill. 54, 31-41..,—

(1978).

(;. llf~t:il!if.rils:i!’rflllrl \J. l“. Aflt-(Jllil~i., surf. Sci. 32,—..

644-664 (lY72).

LJ. F. Antt)ninj 1711(1G. Ilc)c!l)st.1-a$l!il!r,Surf. ‘SC1 . “];)*

fl(i’;-flf]fi(1972).

n) s, J . [;l’(’(jlj 1111(1 !1. l). l“. l{illl]siiyf ,J. [>]ly!i.Ci)r’111.

71, 124{-124’/ (lo(jI)). h) I(. t]allml;nrt..~’nnnll A.

Xa(’lIOH, Slml’1 r~)(!l)im, Af”tt’I“17A,9’)-9H (19RI).

n) N. l). Ililrkyn:l,il. [!t]rlm.S(} (-.(A) 196Y, 410-417.

1)) (’. t40rt IIr I”r T, !: . (,’01111.f’i,l, (;. (:t~i(>(ll aIIIl A.

xIU’(’l]lllil, 7,, Plly:l. (’t]( w]. N. F. 104, ~’~i;-~1)()(19”)’/).

1’) Il.Il.l~l$t’1, ,1, ~tly:l,(’llf*ll\, “lo, llf)}l-11-)~)(l~loo),”



-47-

93.

94.

95.

96.

97.

98.

99.

C. Morterra, A. Zecchina, S. Coluccia, and A. Chiorino,

J. Chem. Sot. Faraday Trans. 1 ~, 1544-1560 (1977).

N. D. Parkyns, J. Phys. Chem. 75, 526-531 (1971).—

S. T. King, Appl. Spectrosc. 34, 632-636 (1980).

S. J. Gregg and J. D. Ramsay, J. Chem. Sot. (A),

1970, 2784-2787.

M. P. Rosynek, J. Phys. Chem. ~, 1280-1284 (1975).

s. Gambarotta, F. Arena, C. Floriani, and P. F.

Zanazzi, J. Am. Chem. Sot. 104, 5082-5092 (1982).

J. V. Evans and T. L. Whateley, Trans. Faraday Sot.

Q, 2769-2777 (1967).

100. J. Sub, M. Cheong, ancl M. P. Sub, ,7. Am. Chem. Sot.

104, 1654-1657 (1982).

101. a) A. Ueno, T. Yamamoto, T. Onishi, and K. Tamaru,

Bull. Chem. Sot. Jpn. U, 3040 (1969). b) A. Ueno,

III. onishi, and K. Tamaru, Trans. Varadny Sot. ~, 756-

763 (197U). c) K. Tamaru and T. Onishi, Appl .

SIJwt.r~)sc,Rev. ~, 133-166 (1975).

102. l’:. l{allllarusol), n. Kieffer, and A. Kiennemann, Appl .

Cat.tll . ~, 281.-286 (1982).

103. A. I)uluzarche, R, Kieffer, and M. Papadopoulos, C. R.

Ilrdxl. seances Acad. Sci., Ser. C 287, 25-26 (1978)..—-

104. Yam M. Grigc]r’ev, D. V. Pozdnyakov, and V. N. l?il.i-

mOi~[]v,Zh. Viz. Khlm. 46, 316-320 (1972); 1{11:$!+.,1.—-

l~l)ys.~’tlt’m.46, lf16-188 (1972).-.



-48-

105. F. S. Stone, Adv. Catal. ~, 1-53 (1962).

106. A. Zecchina, G. Ghiotti, C. Morterra, and E. Borello,

J. Phys. Chem. ~3,,1295-1299 (1969).

107. A. A. Davydov, Yu. M. Shchekochikhin, and N. P. Keier,

Kinet. Katal. ~, 1341-1349 (1.969); Engl . transl.

~, 1103-1108 (1969).

108. T. S. Nargar]unan, M. V. C. Sastri, and J. C. Kuria-

cose, J. C&tal..~, 223-229 (1963).

109. a) S. Tsuchiya and T. Shiba, J. Catal. ~, 116-122

(1965). b) S. Tsuchiya and T. Shiba, Bull. Chem. Sot.

Jpn. 28, 1726-1729 (1965). C) S, Tsuchiya and T.

!;hiba, Bull, Chem. Sot. Jpn. 40! 1086-1089 (1’367).——

d) S. l’suchiya and 1’. Shiha, 13uII, Chem. SC)(:. Jpn.

41, 573-576 (1968).——

11,(),c. Aharoni and II’.C. Tompkins, ‘1’rans.Faraday Sot.

66, 434-446 (1970).——

111. F. Boccuzxi, E. Garron~, A. Zecchina, A. Bossi, and M.

Camia, J. Cakal. E&, 160-168 (1978).

1,12.i’:.Giamr-lll,r.Jand H. Fubini, Rract. Kinet.. Catal . L(~tl-..

,]6, 355-358 (1.9fll).

111. G. l,.Griffin and (J. ‘l’.Yatr’s, (Jr. J. ChFm. Phys. 77,....

37’;l-~7’j8(1982).

114. l). s. N(>w~~~m,~, (.’at”rll, N(’v.-Sri . Rnq. -Z!, 275-:118

(]1)8[)).



-49-

115. G. G. Shchibrya, N. M. Morozov, and M. I. Temkin, Kin.

Katal. & 1057-1068 (1965) ; Engl. transl. ~, 955-

965 (1965) .

116. S. Stotz, Ber. Bunsenges. 70, 37-44 (1966).

117. P. J. Meschter and H. J. Grabke, Met. Trans. B 10B,

323-329 (1979).

118. a) S. Ohi and 1.. Mezaki, J. Phys. Chem. ~, 447-452

(1973). b) S. Oki and R. Mezaki, J. Phys. Chem. ~7,,

1601-1605 (1973). C] R. Mezaki and S. Oki, J. Catal.

~, 488-489 (1973). d) W. 1. podolski and Y. G.

Kim, Ind. Eng. Chem., Process Des. Develop. ~, 415-

421 (1974). e) P. Fott, J. Vosolsohe and V. Glaser,

CoIl. Czech. Chem. Commun. 44, 652-659 (1979).——

119. a) T. M. Yur’eva, G. K. Boreskav, ~nd V. Sh. Gruv~lr,

Kinet. Kat.al. Q 862-868 (!.969); ~ngl. transl. 10,

705-710 (1969). b) C. Aharoni and d. Starer, Can. J.

Chem. 52, 4044-4049 (1974). c) V. V. Grivor’ev, V.

N. Gel.’mnn, V. S. Sobolwskii, A. T. Kreindel’, E. Z.

Golosman, G. T. Salomatinl G, A. Enntsig, T. R. Abdul-

laev, L. 1. I,nfer, and V. [. Yakl,.rson,Inv, Akad. Nauk

SSS14, Ser. Khim. 1977, 1169-1170; Engl. tranfilm----

1977, 1015-1017. d) A. A. llnvytiov, G. l?. Borosknv,——.-

InI. M. Yur’evm, and N. A. Rubrrt?, llokl, Akad. Nauk SSSN,

2~6, 1402-1405 (1’)77)J t)oklaily Phys . Cilem. 236,----

10111-1.021 (1977).



-50-

120. a) T. van Herwi]nen and W. A. de Jong, J. Catal. Q,

83-93 (1980). b) T. van Herwi]nen, R. T. Guczalski,

and W. A. de Jong, J. Catal. 63, 94-101 (1980).—

121. P. N. Mukher]ee, P. K. Basu, and S. K. Roy, J. Indian

Chem. SOC. ~, 1204-1205 (1979).

122. a) Y. Amenomiya, ApPl . Spectrosc. 32, 484-486.-

(1978). b) Y. Amenomiya, J. Catal. 55, 205-212--

(1978). C) Y. Amenomiya, J. Catal. 57, 64-71—.

(1978). d) Y. Amenomiya and G. Pleizier, J. Catal.

~, 345-353 (1982).

123. a) C.-H. Cheng, D. l?. Hendrickson, and R. Eisenberg,

J. Am. Chem. Sot. 99, 2791-2792 (1977). b) E. C.——

Bak(~r, D. E. Hendricksf?n, and R. ~;isenl~erg,~J. Am.

Chern.Sot. 102, 1020-1027 (1980).

1.24.P. (“, Ford, P. Yarrt>w, and Il. Coh(~n, ACS Symp. Ser.

152, 95-10’) (1.981).—-—

125. V. N. %udin, V. A. l,ikholobov, Yu. 1. Ermakov, and N.

K. Hrl*m(~nko, Kinet. Kat.al.. 18, 524 (1977); Eng1.—-

trilllS1. 440.

12f;. a) l{. 1). King, C. C. Frazier, R. M. Hancs, and A. D.

King, ilr., {J. Am. Chan. Sot. 100, 2925-2927 (1978).—..,—

h) C. C. Y’raxil~r, R. M. Ilan(-s, A. Il.King, ~Jr., and R.

13. King, Adv. Chc’m. St’r. ~7~ (Inor(l. C’cmllll.lJnusllnl

l’rol).-2),94-105 (1.979). c) l{. 13. King, A. l), Kil~r.1,

,Ir., rqt~tlr). 13. Yan(], A(:s syllll). 172,,s1’1-. 12{-1 12



-51-

(1981). d) A. D. King, Jr. , R. B. King,

Yang, J. Am. Chem. Sot. 103, 2699-2704 (1981).

127. A. D. King, Jr., R. )3. King, D. B. Yang, J.

Sot. I&, 1028-1032 (i980).

and D. B.

Am. Chem.

128. a) R. M. Laine, R. G. Rinker, and P. C. Ford, J. Am.

Chem. Sot. 99, 252-253 (1977). b) P. C. Ford, C.

Ungermann, V. Landis, S. A. Moya, R. C. Rinker, and R.

M. Laine, A3v. Chem. Ser. 173 (Inorg. Compd. Unusual

Prop.-2), 81-93 (1979). c) c. Ungermann, V. Landis,

S. A. Moya, H. Cohen, H. Walker, R. G. Pearson, R. G.

Rinker, and P. C. Ford, J. Am. Chem. Sot. 101, 5922-

5929 (1979).

129. P. Gian,loccaLo, G. Vasapollo, and A. Sacco, J. Chem.

Sot., Chem. Commun. 1980, 11,36-1137.

1.30.R, G. Pearson and 11, Mauermann, LT. Am. Chem. Sot.

104, 500-504 (.1982).

131. P. C. Ford, Ace. Chem. Res. ~, 31-37 (1981).

132. W. A. R. Slegir, R. S. Sapienza, and B. Ea~kerling, ACS

Syml).ser. 152, 325-343 (1981)..——

133. ,1. C. Bricker, C. C. Naqel, ancl S. G. Shore, ,7. Am.

Chem. Sot. 104, 1444-144S (1982).----

1.”14.K, G. NUZ%UI 13. Feitler, and G. M. Whitesides, *J. Am.

Ch[!m.Sot. 101, 3683-3685 (1979).---

1 !’;.K, Katl[vlt~,M. Hiraki, K. :$,1110,?. Iln,~l~,~k;l, an~l S.

‘1’(’~’,ll]isl~i,,1.Mol..(-!ak.ill.~, 227-2.~~)(l~~O).



-52-

136. =) Y. Yoshida, 1’.Okano, and S. Otsuka, ACS Symp. Ser.

152, 95-105 (1981). b) T. Yoshida, T. Okano, and S.

Otsuka, J. Am. Chem. Sot. 103, 3411-3422 (1981).

137. a) H.-C. Kang, C. H. Mauldin, T. Cole, W. Slegir, K.

Cann, and R. Pettit, J.

(1977). b) R. Pettit,

Mauldin, Adv , Chem. Ser

Prop.-2), 121-130 (1979).

130. 2. Yoshida, Y. Ueda, and

100, 3941-3942 (1978).-.—

Am. Chem. Sot. %9, 8323-8325

K. Cann, T. Cols, and C. H.

. 173 (Inorg. Compd. Unusual

s. Otsuka, J. Am. Chem. Sot.

139. C.-1{. Chenq and R. Eisenherg, J. Am. Chem. Sot. 100,

5968-5970 (1978).

140. a) B. 1?. Jam(?s, G. [,. Rempel., and P’. ‘1?.‘l’.Ng, (J.

Ch~’m. Sot. (A) 1969, 2454-2457. b) D. ,1.-- -.. l)arens-

Ijourlj,M. Y. llar,~nsbourg,N. Walker, ,J. A. Frol’livh,

(and Il. Il. c. t3arros, Tnorg. Chem. 1.8, 1401-1402

(1979). r:) D. ,J. Darenshourg, M. Y. Darenshourljl R.

R. 13urch, ,Jr., ,1. A. Froelich, and M. ,1.Incorvia, Adv.

(:ti(m. ~t!r . 173 ([norg. Compd. [Jnusual Prnp.-2), 106-—.—

120 ~lQ?9). cl) l). ,J. Dar{?nsl]ourq,B. J. Baldwin, anf]

;I. A. Prool.ir:h,(J. Am. Cht’ma S,()(:. 102, 46HN-4[J(14-—.

(1980). ,:) r). (J. l)ilr~’nst)ourt,]ancl A. Rc)kirki, A(;S

s“~m]). St’?”. 1~~, 107-121 (1081).

141. N. (’rif:(l, S. U. Ki+(.)l ;,III(I R. P(’tt it , II. Alit. I’111’II!. S(M’.

101, 1.02’)-162H (1.97!1).



-53-

142.

143,

144.

145.

146.

147.

148.

149.

lr)!).

lrll.

a) D. J. Darensbourg, A. Rokicki, and M. Y. Darens -

bourg, J. Am. Chem. Sot. , 3223-3224 !1.981). b)

D. J. Darensbourg and A. Rokicki, J. Am. Chem. Sot.

104, 349-350 (1982).

s. Attali, R. Mathieu, and G. J. Leigh, J. Mol. Catal.

~, 293-295 (1982).

A. D. King, Jr., R. B. King, and E. L. Sailers, III, J.

Am. Chem. Sot. 103, 1867-1868 ~1981).—.

D. J. Darensbourg, M. B. Fischer, R. E. Schmidt, Jr.,

and B. J. Baldwin, J. Am. Chem. SOC. 103, 1297-1298

(1981).

T. Yoshida, T. Okano, and S. Otcuka, J. Am. Cllem. Sot.

102, 5966-5967 (1980)..-—

V. N. Zudin, V. A. Likholobov, V. M. Mastikhin, O. !3.

Lapina, and ‘fu. 1. Ermakov, Koord. Khim. ~, 432-438

(1979); Engl. transl. , ~, 330-335 (1979).

D. It. Gard anc’iT. L. Bruwn, J. Am. Chem. Sot. *,

6340-6347 (1982).

13.,1.Cole-llamilton, IJ.Chem. Sot. 1980, 1213-1215.--—

J. M. Maht’r and N. (1. Cooper, ,7. Am. Chem. Sot. 102,.—

7604-7606 (1980).

n) ,1. (J. Verdonck, P. A. tJacobs, and J. B. Uyttt?r-

ho[’v(~n,IJ. ~ht~ir). SC)c. Ch~m. Communm 19-?9, 181-182.-—.--.

1)) ,1, il. Vvr(lon~.k, R. A. Schwnhc~yrlL, and P. A.



-54-

Jacobs, Proc. Int. Congr. Catal. , 7t!l, 1980 (Pub.

1981), 911-920.

152. J. M. Maher, G. R. Lee, and N. J. Cooper, J. Am. Chem.

Sot. 104, 6797-6799 (1982).

153. a) N. M. D. Brown, R. B. Floyd, and D. G. Walmsley, J.

Chem. Sot. , Faraday Trans. 1 ~, 17-31 (1979). b)

R. Magno and J. G. Adler, J. Appl. Phys. 49, 4465-—

4467 (1978). C) D. G. Walmsley, W. ,;. Nelson, N. M.

r). Brown , and R. B. Floyd, Appl. Surf. Sci. ~, 1o7-

120 (1980). d) J. A. Reirllerand R. W. Vaughan, J.

Mag . Res. Q, 483-491 (1980). e) ‘I’.M. Duncan and

R. w. Vaughan, ,1. Cat.al. 67, 49-70 (1981). f) T. M.—-

Iluncan and R. W. Vau(~han, ,J. Cat.al. 67, 4~()-471_

(1981). g) G. I. Salomatin, V. S. Soholc”vskij, L. 1.

l.,af~’r,and V. 1. Yak(’rsul~,lzv. Aka4. Nauk SSS1/, S(’r.

Khim. 1980, 1988-1995; Enfll. transl . 1980 1405-——— -..---

1410. h) G. Busca and V. l,or(?[lz(~lli,J. Cattll. 66,—-

155-161 (1980). i) A. K. Hha(ta(’harya, ,1.Ch(lm. SW:. ,

Faraday Trans. 1 75, 8~)”1-871 (19’/9). j) 1. 1.

Bohrova, E. A. Paukst)~ is, It. N. Yur[.h~*nko, V. A.

S;] Zf)rl(>v , ar)li V. V. l)()])()’,~ ski i , Kin[’t. Katal. 22, fi~)(l-

7(11 (l[lfll). k) l{.W. ,lf~yr)~Ir;IIlfl M. W. 1{(11)1’rts,I’rf)(-.

Roy. s Oc . I,onflollA ~5!), 107-12f) (1970). m) Il. A.

sf’x(lln, S(]rl’ . St-i . HH, “{1’! -{{() (]()’)1))0 1) ) t,
,1 ● A.

I!;(i, It. w. ilc)y I) I~r, M. II. M\It I[)IJII, :~n(l M. W. Itol)l’1’t .“,



-55-

Appl. Surf. Sci. ~, 345-360 (1980). O) M. Mohri~ M.

Hashiba, K. Watanabe and T. Yamashina, Z. Phys. Chem.

N. F.109, 233--A46 (1978). p) M. Mohri, H. Kakibay-

ashi, K. Watanabe, and T. Yamashina~ Appl. Surf. Sci.

~, 170-185 (1978).

154. a) D. E. Tevault and M. C. Lin, NBS Spec. Publ. (U.S.)

561-2, 1551-1568 (1979). b) D. E. ‘l’eVault,M. c.——-

Lin, M. E. Umstead, and R. R. Smardzewski, Int. J.

Chem. Kinet. g, 445-449 (1979).

155. a) S. W. Johnson and R. J. Madix, Surf. Sci. ~, 189-

209 (1977). b) D. H. S. Ying and R. ,7.Madix, Inorg.

Chl’m. 17, 1103-1108 (1978). C) L. A. lJars~ll ~nd ~.
—-

‘r.Dickinson, Surf. Sci. 84, 17-30 (1979).--

156. M. lto and W. Su%taka, ,1.Cat.al. 54, 13-23 (1’378).—-

lr17.S. II. Stri]ussl K. 11. Wnitmir(?, and D. P. Shriv~~r, J.

orr~oflwn(~t . (:hc’m. 174, C59-C62 i1979)..—-

l’~H. 11 “J. Bonz~~l an(] Il. il. Krk’bs, Sur!. Sci. 1]7, 639-658

(19H2),

15’).n) K. Kii(-hynkil, *J. Fusf*k~ an~l (1. Strouf~ (~011 . (~zPf!ll.

(’}ll’1 11. L.Omm\ln. 46, 232E1-2Ji5 (1981). h) 0. Str(mf,

K. Ku[’l)yllka,III)(1,1. I,us(sk , Col I , (: ZO(’11. (:ht’111. (.(mmlll).

jfi, 2116-2344 (l~Hl).

100.”,1. T. Yatf’s, (Jr., nnd R. N. (*Rv:it~a[Ill, d. [’nl-nl. ?4,

9’/- 1[)’) (:~)H 2).



-56-

161. a) J. A. Gladsyz, Aclv. Organomet. Chem. 20, 1-38—

(1982). b) C. P. Casey, M. A. Andrews, D. R.

McAlister, W. D. Jones, and S. G. Htirsy, J. Mol .

Catal. ~, 43-59 (1981). c) R. C. Schoening, J. L.

Vidal, and R. A. Fiato, J. Mol . Catal. ~, 03-93

(1981}. d) J. R. Sweet and W. A. G. Graham, J. AIT1.

Chem. Sot. 104, 2811-2815 (1982). e) B. B. Waylancl,——

B. A. Woods, and R. Pierce, tJ. Am. Chern. Sot. 104,—-

302-303 (1982).

162. a) K. }1. Wtlitmir- ant]D. F’.Shrivor, !J. Am. Chtlm. SW.

103, 671,4-6”)5 (1!481). b) tJ. W, Kol is, F. 13asolo,.-..

allfll), l“. St)rivl*r, .1. AIII, (.’llf~in . Sof’. 104, 5626-s630.--

(llltl#J).(.) M. A. l)rIIzIlz~III, K. Il. Wtli!mirl?, A. A. FIhat -

t.ll. tl,ll”yy~l, W.-11. IISU, (.’. f:. NCI(,JII1 , S. G. Shor~!, an(l D.

l“ . ,SIII if~,.1”, {l. AII1. (’tl(~mn S(.)(”. 1(-)4, 5610 -56’1”1 (?9H 2).

I(, I. iI) ,1. (’. lI~IyI~:i, (;. I). N, 1)1’,IrqoII, ar)(l N, ,1. (:of)]II *r’, ,J.

AIII . (’tll’111, 4,.>1)[’ . !0.!, 4648- 40’)0 (l(J HI). b) 1). l..

‘1’tlol”ll illlll ‘l’. Il. TIil il~, ‘,) . An) . (:tll’in. !; ()(” . 103, r)o134-...

‘)’)}10(]OH])O ,.) l). Il. 11(’1I“y, II. 1;. ~ltrt:,nw, A. II.

.Iit-f.il:ll)f), aI)Il K. }!, M,i,- l,,!;, ht. Am. I’t)f*lll, !+()(. . 104,

4’)))..4’/]~)(Iv!l;!)l (d) (.. l).(.’/l!;l*y :111(’1 1’. ,1 . l“il{~illl, II.

Am . (’tll’111, :: 01”. 1(14, 4,)1)(). ~{)1)] (] ()}{)),

lfi~. :1) A. tl. ,1,1 IL) WI I’;: ,11~,

1[)4, {’,,)-{’,4 !I’IH,)).

(; I, II), III1, >1. AIII , 1“1)1~111, !;

1/. (:. I! I* I”II II,,III, ,1. Am. (’111’111. !;(N-,

l,) ,1, K. llI~\’:II\IJ ;I:l II W. A. (:.

II’. 1(14, 1/)1 !/:’1 (1’1}{.~).



-57-

165. a) A. E. Stevens and J. L. Beauchamp, J. Am. Chem.

Sot. 130-192 (1981). b) L. F. Halle, P. B.

Armentrout , and J. L. Beauchamp, J. Am. Chem. Soc .

962-963 (1981). c) P. B. Armentrout, L. F.

Hal.le, and J. L. Beauchamp, J. Am, Chem. Sot.

6501-6502 (1981), d) G. D. Byrd, R. C. Burnier, and

B. S. Freiser, J. Am. Chem. Sot. ~, 3565-3369

(1982).

166. R. F. Jordan and J. R. Norton, J. Am. Chem. SOC. 104,.—

1255-1263 (1982).

167 a) K. G. Caul ton, ,1. Mol. Catalo ~, 7]-82 (1981).

b) ,1. A. Mdrsl*l la, K. Foltincl, ,J. C. HuffmaI), an(l K.

(; . Caul ton, ,1. Am. Cht’m. Sot. 103, 5596--5598 (19H1).—.

c) r{.s. Threlkel and ,J. E. t3erc~w, ,1. Am. Chem. SOc,

jo.] 2fi’io-26r)(l (]981). d) ,]. 1[. ‘1’eul)pn, F:. ,J. Mm d(~

Ilot’r, A. II. Klazinqa, and 1’;. Klei, J. Mol. Catal, 13--

107-114 (1981).

16H, a) l{, A. Ma,ata and T. ,J. Marks, ,J. Am. them. SOc.

10{, 15’/()-3570 (1981). h) l’. iJ. Faqfln, ,J. M.

Mnnt i(~uf”z, it. A. Mailf,I, A. M, Seynm, nnd l’. ,]. Mnrks,

*J. i~ltl. (“t)(*lIl. SO(! . 10.], 6Gli(]_(j(,(17 (~~)~~)m ~) l]. ,].-- .

Pfi!IiIII, K. (;. Mc)loy, afl(l T. ,1. Mnrks, ,1. Am, chrqn. SCM”.

10!, (j~]’,q-69(j2 (1’~p:).

~(1’1. W. A. ll[’?”t”ll~i]!]l~l AtIqt’K.L’1ll’111. 11)( . 1“;(1. h;lltJl . 21, 117-

‘1) (1’)112).



-58-

170.

171.

172.

a) A. O. I. Rautavuoma and H. S. van der Baan, Appl .

Catal. ~, 247-272 (1981). b) J. Happel, V. Fthen-

akis, I. Suzuki, T. Yoshida, and S. Ozawa, Proc. Int.

Congr. Catal. , 7th, 1980 (Pub. 1981), 542-550. C)

J. Happel, H. Y. Chen, M. Otarod, S. Ozawa, A. ,J.Sever-

dia, T. Yoshida, and V. Fthenakis, ,]. Catal. 7&, 314-

328 (1982). d) J. Gal.uszka, J. R. Chang, and Y. Ameno-

miya, Proc. Int. Congr . Catal ., 7th, 1980 (Pub.

1981), 529-538. e) F. Solymosi, 1. Tombdcz, and M.—___

Kr)csis, J. Catal. ~, 78-93 (1982). f) N. W. Cant.

an(lA. ‘l’.BC’11,,,J.Catal, ~, 257-271 (1982).

il ) *J. A. I>almon an:l (;. A. Mnt-lin, Proc. lnt. (~onqr.

Crltal., 7tt), 1980 (Pul). 1981), 402-409. l)) w. ‘1’.----

ost~trloh, M. E. Corn(’1 1, and R. P~’t.l it, ,1. Am. ~li(lm.

SCM:, 104 37Z9.3761 (19H2).-...

a ) Il. l’. 13011zf’1 nn(l Il. ,1 . Krl*l)s,SUI”I-. Sci. 1Q9,

1,527 -1,5{1 (1981). b) .J. w. Nir~millltsv~t]-(lri(*t, i~tl(l A. M.



-59-

174. P. R. Watson and G. A. Somorjai, J. Catal. 74, 282-.—

295 (1982).

175. s. Novak, R. J. Madon, and H. Suhl, J. Catal. ~, 141-

151 (1982).

176. R. B. Pannell, C. L. Kibby, and T. P. Kobylinski? Proc.

lnt. Congr. Catal., 7th, 1980 (Pub. 1981), 447-455.

177. R. J. Madon and W. F. Taylor, J. Catal. 69, 32-43.—

(1981).

178. S. Novak, R, J. Madon, .InclH. Suhl, J. Chem. Phys.

74, 6083-6091 (19811.—.

179. K. M. Doxsu?l?and R. l{. Grul)hs, tJ. Am. Chem. Sot. 103,—.-

7696-76!18 (1981).

180. ,J. B. 13~~nziqor and R. ,1. Mndix, Surf. Sci. 1.15, 279----

20’1(1982).

IH1, 1). h;. }~[*{IhlI’s, ,1. A. Sc”l)rir)rf’ls, nn[l (1, M. Whitt’, Surf.

Sc:i, 116, 117-134 (1~82).——..

182. s. Ii. M()[)rl~ ,111(1 ,1. Il. Lunsrord, J. Cat.tll.~~ , 29”)-300”

(l~f12).

lH!. 13. l,.(;\lst;ifsol) nl}f.{ ,1. H. llIIIISf, )rIi, J. Catal . 74~ 405-----

407 (19HJ),

}H4, a) Il. II. Kun[~ , (,’ntlll , N(1V, -s{:1 , Hllgm ~?, 2] ’j-2r]9

(l(]~())m })) K, Kllr’r, A(l\’ . (’/lt”lll, )1, 24]’-111

(lVH:!).

IH’}.K. Klif”t, V. (,’h~tiknv:llil], 1{, (;. 11~~1mill) , 1111{1(:. w.

::imml)l):i, ,1, (.’ntlfil , 74, )41-lfJ(l(19He!),



-60-

‘lABLE I

Mechanism Proposed by Masuda

Water Gas Shift Reaction on

and Miyahara 19 for

Unsupported Platinum

co + M + M-CO

h20 + 2 M - M-11+ M-OH

M-CO + M-OH # adsorbed intermediate

adsorbed intermediate # M-C02 + M-H

M-C02 #M+C02

2M-11+2M+H2



-61-

TABLE II

Mechanism Proposed by Grenoble, Estadt, and 011is20

H20 + MO # HO-MO-H

H20 + MO + H20-M0

H20 + 2 M # M-OH +

CO + M # M-CO

M-H

M-CO + H20-M0 ~ OM-O(H)C(H)O

OM-O(H)C(H)O + M # M-O(H)C(H)O

M-O(H)C(H)O @ M + C02 + 1]2
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TABLE III

Proposed Mechanism of Water Gas Shift on Metals

H2 + M - M-H2(physisorbed)

M-H2(physisorbed) - H-M-H

CO + M # M-CO(physisorbed)

M-CO(physisorbed) # M-CO

H20 + M # M-H20(physisorbed~

M-1120(physisorbed) # M-0H2

C02 + M # M-C02(physisorbed)

M-C02(physisorbed) # M-C02

M-C() # M-b

M-j # O-M-U

M-0H2 # H-M-C)II

M-011 # II-M-()

M-co + M-() # M-W2

M- + M-f)ll # M-C(0)Oll

M-C(0)lNI + }1-M-U:2
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TABLE IV

Proposed Mechanism for the Water Gas ~hift Reaction cm

Metal Oxides

Reaction

H2 + MO # MO-H2(physisorbed)

MO-H2(physisorbed) # H-MO-H

H-MO-H + 2 MO # OM-H-MO-E-OM

H20 + MO # H20-MO( physisorbcd)

H20-MO(physisorbed) @ H20-M0

H20-MO(physisorbed) ~ Md-llOH

l@-MC) ~ H@-MG-11

MO-[{C)I]# HO-MO-II

CO + MO + OM-CO(pi,Asisorl~ed)

(]M-C()( pt~ysisorbed) # OM-(X

CL) + MOM() ~ M2PX)3

L3)2 + H(J # MO-C~n2(physisorbed)

MO-C02( physisorbe(~) # 0M-C02

M()-C()2(physisorll&~ffl ) # M()-C[)2

M(J-U02(pl~ysisorl>~~fl)# OM-O[:[J

OM-C)L:()+ OM-011 # OM-oc(f,))OIl + M()

‘40-0-)2 + (jM-oll # M()-c(() )(.)11 + [)M-()

0M-(’02” + (>M-011 # OM-t)tU((~)[IIl + M()

OM-(’[) + [)M-01[ # (~M-(’(())()[1 1- Mc)

OM-\:(())ll # OM -()(!~)ll

Number

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(-l])

(1.2)

(13)

(14)

(.15)

(lb!

(17)

ilfi)

(19)

(20)

(21)

(;!1;

(;!4!
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TABLE IV (continued)

Reaction

OM-OCOH @ OM-OC(H)O

M-OCO + M-H # M-OC(H)O + M

OM-CO + OM-O @ 0M-C02 + MO

0M-C02 + OM-O # 0M-0C02 + MO

Number

(25)

(26)

(27)

(28)



-65-

TABLE V

Previously Proposed Elementary Reactions

for Homogeneous Water Gas Shift Reaction

Reaction.—

M-CO + OH- - M-C(0)OH-

M-CO + GH- - M-H + Co2

M-CC) + OH- - M-ll- + C02

[M-COIOH ~ M-C(OIOH

M-CC) + i],,o # H-M-C(0)OH
&

M-CO + Me3N

M-C(0)NMP3 +

M-CO+ + 1[2(,)

M-C(0)OH #

# M-C(0)NMe3

# H-M-C (0)OII+

M-1{ + C05
.

11-M-i:(C))Oll # M + IIC(())OH

M-{: ([))C)II- + 1120 # H-M-C(0)OII + OH-

M-C([))Ull- - M-n- k C(12

M-c(0)OII- + B # M-C(0)02- + Bll
+

M-W)02- + 112(.) # M-ll- ~ llWl-

M--( C1)C(())OII+ # M“. + C02 + 11’” +cl -

M-uC(II)O # M-11 + L’02

M-OL”(Il)O- + M-l]”” + W2

II-M-II # M + 112

Reference

126,128,130,131

137

133

138

128,131

132

132

.129

12fl,l.31,13tl

118

128,131

126

130

130

129

138

124,126,132

124,12( 2fi,ill,

112,136,117,1)8

12H,lll, l{i)
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TABLE v (continued)

Reactio~

M-H- + CO ~ M-CO + H-

M-n - +1120 -M+ H2+ OH-

M+CCI - M-CO

M+ + CO # M-CO+

M- + CO @ M-CO-

M + 1120 ~ H-M-OH

M- + [120 # M-11 + OH-

M 1 11{’((,’))()[1 @ II-M L)c(tl )()

M + ll(.’[N)- + M-OU!(0)ll-

11-M-011 + S F-J [H-M-!; ]OII

[11-M -::]011 I co @ [11-M-C()](>II + A

(“’) + 01[”- q-~ Hc02”-

(:(!2 + [)11- + IIL:() ~-

ll(’OL - * 1120 + 112 + C02 + o11-

11- 1 11;?[) + 112 + ol1-

Reference

126,133

133

125,126,128,131,

132,136,137

129

133

136,138

125,126,132,137

138

12Li,126,132

136,138

136,11R

1.26,128,131,1.32

1.28,131

1211,131

120,1.31
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TABLE VI

Proposed Mechanism for the Homogeneous

Water Gas Shift Reaction

Reaction—-

M-CO + OH - M-C(0)OH

M-CO + H20 # H-M-C(0)OH

M-C(0)OH @ M-H + C02

C02 + M-H # M-OC(H)O

co + oH- # HC02-

M + 11CU2- + M-OC(H)O-

1120 + M # H-M-Oli

li-M-11 # M + 112

C(I +. M # M-CO

II-M-II + (:() # M-L:() I 112

M-l] + CII # M-C() } II

Number

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(3H)

(3[))


